Mutations in the human NPHP5 gene cause retinal and renal disease, but the precise mechanism by which NPHP5 functions is not understood. We report that NPHP5 is a centriolar protein whose depletion inhibits an early step of ciliogenesis, a phenotype reminiscent of Cep290 loss and contrary to IFT88 loss. Functional dissection of NPHP5 interactions with Cep290 and CaM reveals a requirement of the former for ciliogenesis, while the latter prevents NPHP5 self-aggregation. Disease-causing mutations lead to truncated products unable to bind Cep290 and localize to centrosomes, thereby compromising cilia formation. In contrast, a modifier mutation cripples CaM binding but has no overt effect on ciliogenesis. Drugs that antagonize negative regulators of the ciliogenic pathway can rescue ciliogenesis in cells depleted of NPHP5, with response profiles similar to those of Cep290-but not IFT88-depleted cells. Our results uncover the underlying molecular basis of disease and provide novel insights into mitigating NPHP5 deficiency.
INTRODUCTION
Located in close proximity to the nucleus as a non-membrane bound organelle, the centrosome is the principal microtubuleorganizing center critical for cell division in most eukaryotic cells (1, 2) . A single centrosome, consisting of a pair of centrioles (termed the mother and daughter centrioles) surrounded by a pericentriolar matrix, duplicates in the S phase. The duplicated centrosomes migrate to opposite poles of a cell and establish the mitotic spindle at the onset of mitosis, ensuring faithful segregation of chromosomes into daughter cells. Upon cell cycle exit, centrosomes in many cell types template the formation of primary cilia, cellular antennae that sense a wide variety of signals important for growth, development and differentiation (3) . Cilia biogenesis or ciliogenesis can be arbitrarily divided into discrete steps (4, 5) . First, membrane vesicles carrying protein and lipid cargos are formed at, and recruited to, the distal end of the mother centriole. The centrosome then migrates to the cell cortex wherein the mother centriole, now transformed into a basal body, attaches itself to the cell membrane and nucleates the formation of an axoneme, the skeleton of a cilium. Docking and fusion of membrane vesicles with the cell membrane also occur simultaneously. The final step of ciliogenesis, intraflagellar transport (IFT) mediates bi-directional transport of cargos and is necessary for cilia biogenesis, function and maintenance. Defects in ciliogenesis can give rise to a bewildering array of human ciliary diseases collectively known as ciliopathies (6, 7) . Ciliopathies are pleiotropic and exhibit variable clinical manifestations such as kidney cyst formation, hepatic dysfunction, retinal degeneration and neurological disorders. Although mutations in a number of genes encoding centrosomal and ciliary components are responsible for nearly all ciliopathy cases, the etiology and molecular basis of these diseases remain incompletely understood.
We and others have previously characterized one centrosomal protein, Cep290, whose deficiency is implicated in ciliopathies including Leber congenital amaurosis (LCA; an inherited eye disease characterized by severe loss of vision), SeniorLøken syndrome (SLS; an inherited disorder associated with retinal (severe loss of vision) and renal failure (kidney cyst formation and end-stage renal disease)), nephronophthisis, Joubert syndrome, Bardet -Biedl syndrome and Meckel -Gruber * To whom correspondence should be addressed. Tel: +1 5149875719; Fax: +1 5149875685; Email: william.tsang@ircm.qc.ca # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com syndrome (8 -10) . Cep290 participates in primary cilia formation and functions at an early step of the ciliogenic pathway, affecting centrosomal migration and/or anchoring to the cell cortex (11) (12) (13) . Interestingly, it biochemically interacts with a multitude of proteins, including CP110, a centrosomal protein known to suppress ciliogenesis (12, 14) . Identification and characterization of key proteins that associate with Cep290 would greatly enhance our understanding of its roles in ciliogenesis and disease development.
Converging evidence suggests that Cep290 has functional connections with a partially characterized centrosomal/ciliary protein called nephrocystin-5 (NPHP5). First, patients with NPHP5 mutations exhibit clinical phenotypes that overlap with patients bearing Cep290 mutations. NPHP5 mutations constitute a frequent cause of SLS (15, 16) . Certain mutations of NPHP5, in addition to several SLS-causing mutations, are also detected in patients with LCA, although these patients are believed to be at high risk of developing late-onset renal failure (17, 18) . Second, Cep290 is shown to interact with NPHP5 under certain circumstances and therefore, the significance of this interaction remains controversial (19) (20) (21) . Third, ablation of NPHP5 with anti-sense morpholinos in zebrafish leads to the formation of pronephric cysts and phenocopies Cep290 depletion (19) . NPHP5 is highly conserved in higher eukaryotes and possesses a putative coiled-coil and IQ calmodulin (CaM)-binding motifs of unknown function (15, 22) . Here, we show that NPHP5 localizes to the distal region of centrioles during interphase and is specifically required for early cilia assembly, a function similar to Cep290 but different from IFT88, a protein participating in IFT at a later step of ciliogenesis. Endogenous NPHP5 interacts with Cep290 and CaM, and detailed domain-mapping studies on NPHP5 reveal three separable and functionally distinct domains, namely, the Cep290-binding domain, the CaMbinding domain and the centrosomal localization domain which encompasses the coiled-coil motif. NPHP5 interaction with Cep290 is strictly required for ciliogenesis, while the association between NPHP5 and CaM is needed to prevent NPHP5 self-aggregation. Pathogenic NPHP5 mutations known to cause SLS and LCA result in the production of truncated products that are incompetent to bind Cep290 and are mislocalized, thus compromising cilia formation. On the contrary, a NPHP5 modifier mutation associated with patients with severe retinitis pigmentosa caused by X-linked retinitis pigmentosa GTP regulator (RPGR) deficiency specifically impairs CaM binding and has no adverse effects on cilia biogenesis. A loss of cilia in the absence of NPHP5 can be rescued by pharmacologically inhibiting negative regulators of ciliogenesis downstream of NPHP5. Interestingly, the response profiles of NPHP5-depleted cells towards different drugs are comparable with those of Cep290-but not IFT88-depleted cells, further suggesting that NPHP5 and Cep290 participate in a common step of the ciliogenic pathway. Cilia formation in cells expressing disease-causing mutants of NPHP5 and treated with drugs can likewise be rescued. Thus, we have uncovered the functional significance of NPHP5 and its interactions with Cep290 and CaM, delineated the molecular mechanisms underlying the pathogenesis of NPHP5-assoicated ciliopathies and revealed novel pharmacological approaches for treating NPHP5 deficiency.
RESULTS

NPHP5 localizes to the distal region of centrioles and is present in interphase cells
Although NPHP5 is shown to localize to centrosomes and cilia (15, 21, 23) , its localization during the cell cycle has not been fully investigated. We used immunofluorescence microscopy to detect NPHP5 localization in diploid human retinal pigment epithelial (RPE-1) cells. This cell line possesses normal centrosome morphology and number and is a well-established model for primary cilia formation. Antibodies against NPHP5 stained two and four prominent spots in the G1 and S phase, respectively (Fig. 1A) . These spots became more diffused in the G2 phase and subsequently disappeared in mitosis (Fig. 1A) . Identical staining patterns were obtained by the use of three antibodies raised against different regions of NPHP5 and also in U2OS cells (data not shown). NPHP5 staining overlapped substantially with that of centrin ( Fig. 1A and B) , which is a canonical centriolar protein found at the distal lumen of centrioles. Centrosomal localization of NPHP5 was not affected by treatment with nocodazole (Supplementary Material, Fig. S1A ), a microtubule de-polymerizing agent, suggesting that NPHP5 is an intrinsic component of centrosomes. In the G0 phase, NPHP5 is present at both the mother centriole/basal body and the daughter centriole, but was never observed along the ciliary axoneme (Fig. 1C) . Notably, NPHP5 staining at the mother centriole/ basal body marginally co-localizes with acetylated and polyglutamylated tubulins in the proximal region, but rather is localized to the distal end near the base of the cilium (Fig. 1C) .
To further confirm the localization of NPHP5 on centrioles, the cells were co-stained with antibodies against NPHP5 and a panel of proximal (C-Nap1, Sas-6 and Flag-Plk4) and distal (CP110, Cep290, Cep164) centriolar markers. NPHP5 showed significant overlap with CP110, Cep290 and Cep164 foci but marginal overlap with dots of Flag-Plk4, C-Nap1 and Sas-6 ( Fig. 1B and D) . Thus, our data strongly indicate that NPHP5 is a distal centriolar protein and that it could function during interphase.
NPHP5 depletion inhibits an early step of cilia formation
We examined the consequences of depleting NPHP5 using RNA interference (RNAi)-mediated gene silencing. We transfected either pools of four small-interfering RNAs (siRNAs) or five individual siRNAs, and microscopically confirmed the near complete removal of NPHP5 ( 90%) from centrosomes in RPE-1 cells ( Fig. 2A and Supplementary Material, Fig. S1B ). Similar observations regarding the loss of NPHP5 signal were made in several non-ciliated (U2OS) and ciliated (ARPE-19 and HEK293) cell lines (Supplementary Material, Fig. S1C) , and with the use of three different antibodies against NPHP5 (Supplementary Material, Fig. S1D ). To further confirm specificity, western blot analysis revealed that NPHP5 antibodies recognized one specific band corresponding to a size of 69 kDa, and more importantly, protein levels were elevated in cells overexpressing Flag-NPHP5 and reduced by 80% in NPHP5 siRNA-treated cells (Fig. 2B ). Of note, although endogenous NPHP5 was readily detected in HEK293 extracts, it was undetectable in lysates of RPE-1 and U2OS cells (Fig. 2B) , suggesting that this protein is of low abundance in the latter Given its connection with human ciliopathies, we tested a role for NPHP5 in the assembly of primary cilia. RPE-1 cells were transfected with control or NPHP5 siRNAs, uninduced or induced to quiescence and stained for ciliary markers including glutamylated tubulin, acetylated tubulin, IFT88 and Gli2. The percentages of ciliated cells are different between proliferative and quiescent states, and hence, it is critical to evaluate whether NPHP5 perturbs cilia formation under both conditions. Interestingly, ablation of NPHP5 led to a dramatic 2-fold reduction in the ability of cells to assemble cilia in cycling and quiescent cells (20 -10% for cycling and 80 -40% for quiescent cells; Fig. 2C ). Similar results were obtained with another retinal pigment epithelial cell line, ARPE-19 (data not shown), and these findings were consistent with a systematic analysis designed to unravel the roles of ciliary disease proteins in cells and tissues (21) . The failure to undergo ciliogenesis in NPHP5-depleted cells was not due to cell cycle defects (Supplementary Material, Fig S2D and E) or an inability of the cell to enter a quiescent state, as revealed by Ki67 staining (Fig. 2D) . Subsequently, we pinpointed the step(s) at which cilia formation is blocked. A loss of NPHP5 did not impinge on centrosomal accumulation of Rab11a-positive vesicles, suggesting that early vesicular trafficking events, including the formation of pericentrosomal preciliary compartment (24) , are not affected (Supplementary Material, Fig S2F) . In light of the in vivo interaction between 
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Human Molecular Genetics, 2013, Vol. 22, No. 12 NPHP5 and Cep290 (Fig. 3A ) and the role of Cep290 in the migration and/or anchoring of centrosomes to the cell cortex during early ciliogenesis, we examined the distance between centrosomes and nuclei in NPHP5-depleted RPE-1 cells. As a control, we performed identical experiments in cells depleted of IFT88, a protein dispensable for centrosome migration but required for a late step of ciliogenesis (25) . Strikingly, 60% of the centrosomes in quiescent control and IFT88-depleted cells were well separated from the nucleus and were localized close to the cell surface, in contrast to 30% in NPHP5-and Cep290-depleted cells (Fig. 2E ). Taken together, depletion of NPHP5, like Cep290, disrupts the migration and/or anchoring of centrioles to the cell cortex and inhibits ciliogenesis.
NPHP5 interaction with Cep290 is critical for ciliogenesis
Despite circumstantial evidence that NPHP5 interacts with Cep290 (19) (20) (21) , an endogenous interaction between the two proteins has not been demonstrated and its physiological relevance remains unclear. To determine whether endogenous proteins associate in vivo, we performed immunoprecipitations with NPHP5 and Cep290 antibodies. NPHP5 and Cep290 were co-immunoprecipitated by NPHP5 antibodies, and (red) and glutamylated tubulin (GT335, green), and with DAPI (blue). Fluorescent images were merged with the corresponding differential interference contrast images. The distance from the center of the nucleus to the centrosome was measured and indicated by a white arrowed line. (Bottom) The percentages of control (NS), NPHP5, Cep290 or IFT88 siRNA-treated quiescent RPE-1 cells having a nucleus-to-centrosome distance of ,7 mm and .7 mm were determined (graph). In (C-E), the average of two to three independent experiments is shown. Error bars represent standard errors. At least 100 cells for each siRNA condition were scored each time.
* P , 0.01 compared with NS.
Human Molecular Genetics, 2013, Vol. 22, No. 12 2485 reciprocal immunoprecipitations with Cep290 antibodies confirmed a robust physiological interaction (Fig. 3A) . Next, we generated a series of Flag-tagged Cep290 truncation mutants, performed anti-Flag immunoprecipitations and examined their ability to interact with NPHP5 in cell extracts. We found that the NPHP5-binding domain of Cep290 was mapped between residues 790 -816 (Supplementary Material, Fig S3A and B) , consistent with two previous studies showing a requirement of the N-terminal region for binding to NPHP5 (19, 21) . In addition, domain-mapping experiments were performed to identify the region of NPHP5 responsible for its interaction with Cep290. A C-terminal region of NPHP5 interacted with Cep290, and further efforts to delete or mutate conserved residues within this region revealed that residues 509 -529 and 549 were both critical for binding ( Fig. 3B-D) . Notably, the Cep290-and calmodulin-binding domains of NPHP5 are separable, as mutants with To delineate the biological significance of the NPHP5-Cep290 interaction, we performed reciprocal depletion of NPHP5 and Cep290 using RNAi. Ablation of NPHP5 has no effect on the levels or localization of Cep290. However, a loss of Cep290 significantly disrupts NPHP5 centrosomal localization without 
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Human Molecular Genetics, 2013, Vol. 22, No. 12 affecting its protein levels ( Fig. 4A and B ). Although these observations led to the speculation that Cep290 recruits NPHP5 to the centrosome (21), we do not believe this is the case. We demonstrated from our large collection of NPHP5 mutants that four mutants proficient in Cep290 binding (D340-371, A547K, fragments 419-598 and 287-530) could not be targeted to the centrosome, and conversely, two mutants deficient in Cep290 binding (D509-529 and A549K) were properly targeted (Figs 3C and D, 4C and Supplementary Material, Fig. S4 ). These data argue against a role for Cep290 in recruiting NPHP5 to the centrosome and further reinforce the notion that the Cep290 binding and centrosomal localization domains of NPHP5 are separable. We then carried out rescue experiments in which wild-type or mutant NPHP5 was expressed in quiescent cells depleted of endogenous NPHP5. We note that, whereas wild type was able to rescue ciliogenesis, mislocalized mutants (D340-371, D543-555 and A547K) failed to do so irrespective of their Cep290-binding status ( Figs 3D and 4D ). Most remarkably, mutants that are localized to centrosomes but do not bind Cep290 (D509-529 and A549K) also failed to restore cilia formation ( Figs 3D and 4D) . These results establish a clear and important mechanistic link between NPHP5 binding to Cep290 and ciliogenesis.
NPHP5 interaction with CaM prevents self-aggregation
The foregoing results suggest that the distinct binding domains for Cep290 and CaM in NPHP5 could serve different biological functions. To begin characterizing the interaction between NPHP5 and CaM, we showed that the two proteins associated with each other in the presence or absence of calcium from extracts supplemented with calcium (+Ca (residues 300-328, 391 -410 and 420-437 and denoted IQ1, IQ2 and IQ3, respectively; Fig. 3C ). Using a series of Flagtagged NPHP5 truncation and deletion mutants wherein the IQ motifs were removed singly or in combination, we demonstrated that the first and second motifs, IQ1 and IQ2, were most critical for binding to CaM (Figs 3B and C, 5A and B). Complete loss of binding, however, was achieved only when all three IQ motifs were deleted (DIQ123; Fig. 5A and B). Loss of CaM binding does not compromise Cep290 binding ( Fig. 5A and B) , strengthening an earlier point that the CaM-and Cep290-binding domains of NPHP5 are separable. In addition, we showed that recombinant GFP-NPHP5 and endogenous CaM co-immunoprecipitated with recombinant Flag-Cep290 (Supplementary Material, Fig S3A and B) , and likewise, endogenous Cep290 and GFP-NPHP5 were detected in Flag-CaM immunoprecipitates (Supplementary Material, Fig. S5B ). Moreover, antibodies against NPHP5 and Cep290 co-precipitated endogenous CaM (Fig. 3A) . Taken together, these data indicate that IQ motifs of NPHP5 mediate CaM binding and that NPHP5 forms a complex with Cep290 and CaM. Next, we investigated the functional consequences of the NPHP5-CaM interaction. Unlike mutations that specifically cripple the centrosomal localization or the Cep290-binding domain, the CaM-binding mutant, DIQ123 still showed centrosomal targeting and was fully able to rescue cilia formation in NPHP5-depleted cells (Fig. 5B and C and Supplementary Material, Fig. S5D ). Noticeably, we observed the formation of punctate foci or aggregates in the cytoplasm of mutant cells (Fig. 5D and Supplementary Material, Fig. S5D ). These cytoplasmic aggregates were devoid of centrosomal markers such as centrin, CP110, g-tubulin and Cep290 (Supplementary Material, Fig. S5D ), suggesting that they do not recruit any centrosomal proteins to extra-centrosomal sites and therefore arise from self-assembly. In addition, aggregate formation is unlikely to be triggered by elevated levels of expression, since the levels of wild-type and mutant proteins were comparable (Fig. 5A) . To further strengthen the correlation between impaired CaM Fig. S5D ; also see below). In summary, NPHP5 mutants deficient in CaM binding are aggregation-prone and CaM may serve as a chaperone to protect the misfolding and aggregation of NPHP5 through direct interaction.
Molecular and functional consequences of NPHP5 disease mutations
The differential roles of NPHP5 interactions with Cep290 and CaM prompted us to investigate their relevance in human disease. The vast majority of the .15 pathogenic NPHP5 mutations identified in SLS and LCA patients are compound heterozygous or homozygous non-sense and frameshift mutations. No apparent correlation exists between the genotype and the phenotype, and the same mutation can often cause LCA and SLS (15) (16) (17) (18) (26) (27) (28) . These mutations are located in the internal regions of the gene and predicted to encode truncated products lacking the C-terminal tail[( Fig. 6A ; (15) (16) (17) (18) (26) (27) (28) ]. Since the C-terminal tail contains the centrosomal localization and Cep290-binding domains, loss of Cep290 binding and protein mislocalization could underlie the disease mechanism in patients carrying NPHP5 mutations. We examined five NPHP5 mutations (F142fsX146, R332X, R461X, R502X and H506fsX518) commonly found in disease patients, including two at the extreme 5 ′ and 3 ′ ends, and tested whether they affect protein expression, localization to centrosomes, interaction with Cep290 and CaM, and cilia formation in rescue experiments. R332X and R502X Human Molecular Genetics, 2013, Vol. 22, No. 12 2489 mutations are detected in patients with SLS and LCA, respectively, while F142fsX146, R461X and H506fsX518 mutations are associated with SLS and LCA (Fig. 6A ). These mutations resulted in shorter and faster-migrating proteins as expected, and their expression levels were relatively similar to full-length protein (Fig. 6B) . Interestingly, while two mutants, F142fsX146 and R332X failed to interact with CaM, all were incompetent in binding to Cep290 (Fig. 6A and B) , mislocalized ( Fig. 6C and Supplementary Material, Fig. S6A ) and unable to rescue ciliogenesis ( Fig. 6D and Supplementary Material, Fig. S6B ). Thus, disease-causing mutations of NPHP5 render the resulting proteins non-functional. In addition to its pathogenic role in SLS and LCA, NPHP5 is reported to be a modifier gene for a different retinal disorder, namely, retinitis pigmentosa. In this case, a natural polymorphic variation in NPHP5, I393N, strongly associates with disease severity in patients with RPGR deficiency (29) , suggesting that it may contribute to the development of disease symptoms. Remarkably, we found that I393N mutation induced only subtle molecular and cellular defects, including diminished protein binding to CaM and increased aggregate formation, but had no effect on protein localization to the centrosome and cilia formation (Fig. 5A -D and Supplementary Material, Fig. S5D ). These results contrast sharply with those of disease-causing mutations (Fig. 6 ).
Pharmacological rescue of cilia formation in the absence of NPHP5
One prediction stemming from our studies is that since NPHP5 is a positive regulator at an early step of ciliogenesis, modulation of downstream events in the ciliogenic pathway could mitigate or correct the effects of NPHP5 deficiency and restore cilia formation. Several cellular processes, such as removal of a 'cap' at the distal end of the mother centriole, focal adhesion disassembly, actin de-polymerization and membrane trafficking, are known to be important for ciliogenesis (14, 24, 30, 31) . These highly dynamic processes are controlled by a number of negative regulators, including CP110, focal adhesion kinase (FAK), actin-related protein 3 (ARP3) and secreted phospholipase A2 Group 3 (PLA2G3) (Fig. 7A) . In addition, X-lined inhibitor of apoptosis (XIAP) also inhibits cilia biogenesis, although The percentages of control (NS), NPHP5, CP110 or double siRNA-treated cycling RPE-1 cells with primary cilia were determined using glutamylated tubulin as a marker. (C) The percentages of control (NS), NPHP5, Cep290 or IFT88 siRNA-treated cycling RPE-1 cells exposed to drugs and possessing primary cilia were determined using glutamylated tubulin as a marker. In (B and C), at least 75 transfected cells were scored for each siRNA condition, and average data obtained from three independent experiments are shown. Error bars represent standard errors. In (B), * P , 0.01 compared with NPHP5 knockdown. In (C), * P , 0.01 compared with NS.
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Human Molecular Genetics, 2013, Vol. 22, No. 12 its role in centrosome and cilium biology is virtually unknown ( Fig. 7A; (24) ). Given that loss of these proteins facilitate ciliogenesis in cycling cells (14, 24, 30 ,31), we tested whether their depletion or inhibition could rescue cilia formation in cells depleted of NPHP5. We first examined the consequences of knocking down NPHP5, CP110, or both by RNAi. Depletion of CP110 led to aberrant formation of cilia (Fig. 7B) , consistent with our previous observations (12, 14) . However, ablation of both NPHP5 and CP110 suppressed the phenotype associated with CP110 depletion and mimicked NPHP5 ablation (Fig. 7B) , suggesting that CP110 inhibition cannot compensate for the loss of NPHP5. Next, we determined that treatment of control cells with drugs targeting FAK, actin, ARP3, PLA2G3 and XIAP resulted in a 2-fold enhancement of cilia formation following dose optimization (Fig. 7A and data not shown) . Remarkably, certain drugs dramatically rescued the loss of cilia phenotype caused by depletion of NPHP5 (Fig. 7C and Supplementary Material, Fig. S7A ). PF573228, Cytochalasin D and latruculin B, in particular, restored ciliogenesis to levels comparable to control, whereas FAK inhibitor 14, CK548 and embelin were the least potent (Fig. 7C ). Of note, drug response profiles of NPHP5-depleted cells were remarkably similar, if not identical, to those of Cep290-depleted cells ( Fig. 7C and Supplementary Material, Fig. S7A ), further suggesting that NPHP5 and Cep290 depletion inhibit a common pathway in cilia assembly. The same set of drugs, however, elicited different responses in cells depleted of IFT88, with FAK Inhibitor 14, cytochalasin D, CK548 and embelin being the most potent in rescuing cilia formation (Fig. 7C ). PF573228 and latruculin B, in striking contrast, were practically ineffective in IFT88-depleted cells (Fig. 7C) . Finally, we performed experiments in which we depleted endogenous NPHP5, expressed disease-causing mutants of NPHP5 and subsequently treated cells with cytochalasin D, and found that cilia formation was drastically restored (Supplementary Material, Fig. S7B ). Considered together, our findings indicate that ciliary defects associated with deficiencies in NPHP5/Cep290 and IFT88 can be differentially rescued by pharmacological means.
DISCUSSION
Ciliogenesis is a poorly understood dynamic process requiring precise coordination of multiple cellular events and proteins. Elucidating the molecular mechanisms through which these proteins function is crucial to understanding their roles in human ciliopathies. We and others have previously described Cep290, a human ciliary disease protein required for ciliogenesis (11) (12) (13) . Here, we characterize another ciliopathy protein, NPHP5, and show that the two proteins share a number of common characteristics. First, NPHP5 and Cep290 strictly function at an early step of ciliogenesis and participate in the migration and/or anchoring of centrosomes to the cell cortex. Second, NPHP5 interacts with Cep290 in a physiologically relevant setting and their direct association is necessary for ciliogenesis. Third, drugs that rescue the loss of cilia phenotype associated with NPHP5 depletion are also effective in rescuing the Cep290 depletion phenotype. Despite these similarities, it is also clear that the two proteins differ in several important aspects. Whereas NPHP5 is targeted to centrioles, Cep290 is known to localize to both centrioles and centriolar satellites (11, 20, 32, 33) . Furthermore, a loss of Cep290 disrupts the localization of a well-known satellite protein percentriolar material-1 (PCM-1) to satellites, a phenotype we did not observe upon NPHP5 depletion (data not shown). Several satellite proteins, including PCM-1, are essential for cilia biogenesis, underscoring the importance of these peculiar structures in cilium biology (34) . In addition, the clinical spectrum of Cep290 mutations is more diverse compared with that of NPHP5 mutations, implying that Cep290 could possess additional biological roles and/or functions in multiple cell and tissue types. Further studies will be needed to dissect the relative contribution of NPHP5 and Cep290 to ciliogenesis and ciliopathies. Although we have identified critical functional domains in NPHP5, including the centrosomal localization domain, the molecular mechanisms through which NPHP5 is recruited to the centrosome remain unknown. In light of our findings with NPHP5 mutants and reciprocal depletion of NPHP5 and Cep290, we speculate that targeting of NPHP5 could entail an unidentified factor X. This factor recognizes and binds to the centrosomal localization domain of NPHP5 and transports it to the centrosome. Once there, factor X transiently interacts with a docking platform containing Cep290 wherein it presents NPHP5 to Cep290. Experiments are currently underway to reveal the identity of factor X and to test the validity of our proposed recruitment mechanism.
It is clear from our studies that the differential roles of NPHP5 interactions with Cep290 and CaM have important clinical implications. Disease-causing mutations of NPHP5 induce two crucial and universal defects, namely protein mislocalization and incompetence in binding Cep290, both of which interfere with cilia assembly. On the other hand, a NPHP5 modifier mutation identified in patients with RPGR deficiency specifically cripples CaM binding and causes NPHP5 self-aggregation. Although these aggregates do not appear to affect ciliogenesis, their presence might be detrimental in the long run or under certain pathophysiological conditions. Since it is known that protein aggregation can lead to an accumulation of amyloid fibrils (35) , a hallmark of neurodegenerative disorders, it is plausible that NPHP5 aggregates could induce amyloidosis and contribute to the severity of retinitis pigmentosa, a degenerative eye disease. Future experiments aimed at unraveling how this modifier mutation might compromise protein function and/or induce cellular toxicity will greatly enhance our knowledge of disease pathogenesis.
The series of molecular and cellular events leading to cilia formation have not been elucidated. Our work strongly suggests that removal of CP110 'cap' from the distal end of the mother centriole precedes NPHP5-mediated migration and/or anchoring of centrosomes to the cell surface, and a similar relationship between CP110 and Cep290 has previously been documented (12) . On the other hand, PF573228 and latrunculin B dramatically rescue cilia formation in NPHP5-and Cep290-but not IFT88-depleted cells, and therefore, actin de-polymerization and focal adhesion disassembly might lie 'downstream' of NPHP5 and Cep290 function. Both drugs are highly specific to their targets: latrunculin B is a membrane-permeable compound known to bind monomeric G-actin in the nanomolar range (IC 50 ¼ 10 nM), while (36, 37) . Thus, one intriguing possibility is that NPHP5 and Cep290 directly or indirectly sequester G-actin and/or inactivate FAK, thereby promoting centrosome migration and/or anchoring to the cell cortex. It will be interesting to determine whether NPHP5 and Cep290 bind to monomeric actin and/or focal adhesion complex, as understanding these mechanisms will provide novel insights into the development of therapeutic strategies for ciliopathies.
MATERIALS AND METHODS
Cell culture and plasmids
Human Other Flag-Cep290 constructs were previously described (12) . A plasmid DNA expressing Flag-Plk4 was obtained from K. Lee.
Antibodies
Antibodies used in this study included anti-CP110, anti-CEP290 (Bethyl Laboratories), anti-centrin (Millipore), anti-C-Nap-1, anti-Sas-6, anti-NPHP5, anti-Gli2, anti-Rab11a (all from Santa Cruz), anti-PCM-1 (gift from A. Merdes), anti-a-tubulin, anti-acetylated tubulin, anti-Flag, and anti-gtubulin (all from Sigma-Aldrich), anti-glutamylated tubulin GT335, anti-Cep170, anti-Ki67 (all from Invitrogen), anti-IFT88, anti-NPHP5 (ProteinTech), anti-Cep164 (gift from E. Nigg), anti-CaM and anti-NPHP5 (Abcam). To generate rabbit anti-NPHP5 antibodies, a glutathione-S-transferase (GST) fusion protein containing residues 1 -131 (IRCM2) and 469-598 (IRCM1) of NPHP5 was expressed in Escherichia coli and purified to homogeneity. Antibodies against NPHP5 were purified by affinity chromatography.
Immunoprecipitation, immunoblotting and immunofluorescence microscopy
Cells were lysed with buffer (50 mM HEPES/pH 7, 250 mM NaCl, 5 mM EDTA/pH 8, 0.1% NP-40, 1 mM DTT, 0.5 mM PMSF, 2 mg/ml leupeptin, 2 mg aprotinin, 10 mM NaF, 50 mM b-glycerophosphate and 10% glycerol) at 48C for 30 min and extracted proteins were recovered in the supernatant after centrifugation at 16 000g. In experiments involving calcium, 2.5 mM CaCl 2 (+Ca2+) or 5 mM EGTA (2Ca2+) was also added to the lysis buffer. After centrifugation, 2 mg of the resulting supernatant was incubated with an appropriate antibody at 48C for 2 h and collected using protein A sepharose. The resin was washed with lysis buffer, and bound proteins were analyzed by SDS -PAGE and immunoblotting using appropriate primary antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies (VWR). Typically, 50-150 mg of lysate was loaded into the input (IN) lane. For mapping studies, Flag-tagged constructs alone or in combination with GFP-tagged constructs were transfected into HEK293 cells. Cells were harvested 48 -72 h after transfection. Anti-Flag M2 beads (Sigma-Aldrich) were used for immunoprecipitations. For indirect immunofluorescence, the cells were grown on glass coverslips, fixed with cold methanol or 4% paraformaldehyde and permeabilized with 1% Triton X-100/phosphate buffered saline (PBS). Slides were blocked with 3% BSA in 0.1% Triton X-100/ PBS prior to incubation with primary antibodies. Secondary antibodies used were Cy3-, Cy5-or Alexa488-conjugated donkey anti-mouse, anti-rat or anti-rabbit IgG (Jackson Immunolabs and Molecular Probes). Cells were then stained with DAPI, and slides were mounted, observed and photographed using a Leitz DMRB (Leica) microscope (100×, NA 1.3) equipped with a Retiga EXi cooled camera. For analysis of the distance between the centrosome and the nucleus, z-sections spaced by 0.2 mm were taken using a DM6000 B (Leica) microscope (100×, NA 1.4) equipped with a Hamamatsu Orca-ER camera (model C-4742). The xyz coordinates of the centrosome and the center of the nucleus were determined using Volocity6 (PerkinElmer) and the distance was calculated using the formula d ¼ p (x 2 2x 1 ) 2 + (y 2 2y 1 ) 2 + (z 2 2z 1 )
2 . When the distance between the centrosome and the nucleus was .7 mm, the centrosome was considered to be migrated to the cell surface. A distance of ,7 mm signified no migration.
Pharmacological studies
Cells were treated with varying concentrations of cytochalasin D, CK636, CK548 (Sigma), TPEN, CAY10590, OPC, latrunculin B (Cayman Chemical), embelin, PF573228 or FAK Inhibitor 14 (Tocris Bioscience) and incubated for 8 h before fixation. For each drug, the concentration required to induce maximal ciliated cell numbers with minimal toxicity was determined and used in subsequent experiments. As a vehicle control, an equivalent amount of dimethyl sulfoxide
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RNA interference
Synthetic siRNA oligonucleotides were purchased from Dharmacon. Transfection of siRNAs was performed using siImporter (Millipore) according to manufacturer's instructions. The 21-nucleotide siRNA sequences for the nonspecific control (NS) and IFT88 were 5 ′ -AATTCTCCGAACGTGTCACGT-3 ′ and 5 ′ -CCGAAGCACTTAACACTTATT-3 ′ , respectively. The 21-nucleotide siRNA sequences for NPHP5 were: 5 ′ -GA GCAGAATGTCCCTGTTA-3 ′ (oligo 1), 5 ′ -ACCCAAGGAT CTTATCTAT-3 ′ (oligo 2), 5 ′ GAGGCCATGTTGAACTTA T-3 ′ (oligo 3), 5 ′ -CCAAATAGGATCTGCAGTC-5 ′ (oligo 4) and 5
′ -CCCTAAGAATTGACACAAA-3 ′ (oligo 5). siRNA oligo 2 was used to deplete endogenous NPHP5 unless otherwise stated. siRNA oligo 5, which targets the 3 ′ UTR of NPHP5 mRNA, was used to deplete endogenous NPHP5 in cilia rescue experiments. The siRNAs for Cep290 and CP110 silencing were previously described (12) .
Induction of primary cilia
RPE-1 or ARPE-19 cells transfected with siRNA were brought to quiescence by serum starvation for 48-72 h. Cells were examined for well-established primary cilium markers such as acetylated tubulin, glutamylated tubulin, IFT88 or Gli2.
Cell cycle synchronization and fluorescence-activated cell sorting analysis Cells were fixed in 95% ethanol at 48C for at least 1 h and were subsequently incubated with 0.1 mg/ml RNase A in PBS at 378C for 30 min. After centrifugation and removal of the supernatant, cells were stained with 50 mg/ml propidium iodide at 48C for 30 min. Samples of 100 000 cells were analyzed with a FACScalibur flow cytometer and CellQuest and FlowJo cell cycle analysis software.
Far western blotting and In Vitro binding assay
For far-western blotting, membrane was incubated in AC buffer (0.1 M NaCl, 20 mM Tris/pH 7.5, 1 mM EDTA/pH 8, 0.05% Tween 20, 3% milk, 1 mM DTT, 10% glycerol) containing 6 M guanidine -HCl for 30 min at 228C, followed by AC buffer with 3 M guanidine -HCl for 30 min. at 228C, AC buffer with 0.1 M guanidine -HCl for 30 min. at 48C and AC buffer only for 1 h at 48C. After blocking with 3% milk for 1 h at 228C, the membrane was incubated with a purified GST-NPHP5(469 -598) bait protein in binding buffer (0.1 M NaCl, 20 mM Tris/pH 7.5, 0.5 mM EDTA/pH 8, 0.1% Tween 20, 3% milk, 1 mM DTT, 10% glycerol) overnight at 48C. The bait protein was detected by anti-GST conjugated to HRP (GenScript). For in vitro binding, bacterially purified NPHP5-His mixed with purified GST or calmodulin (Cedarlane) at 48C for 1 h was incubated with a HisPur cobalt resin (Thermo Scientific) at 48C for another hour. After extensive washing with equilibration buffer (50 mM NaPO 4 , 300 mM NaCl, 10 mM imidazole/pH 7.4), bound proteins were analyzed by SDS-PAGE and immunoblotting.
Statistical analysis
The statistical significance of the difference between two means was determined by using a two-tailed Student's t-test. Briefly, the means and standard deviations of two datasets were determined in order to generate a t-value. The t-value was used in conjunction with the degrees of freedom to obtain a P-value. The differences were considered significant when P , 0.01.
